Abstract. Mechanical stress is an important factor in bone homeostasis, which is maintained by a balance between bone resorption by osteoclasts and bone formation by osteoblasts. However, little is known about the effects of mechanical stress on osteoclast differentiation. In this study, we examined the effects of short-term mechanical stress on osteoclastogenesis by applying tensile force to RAW264.7 cells stimulated with receptor activator of nuclear factor-κB ligand (RANKL) using a Flexercell tension system. We counted the number of osteoclasts that were tartrate-resistant acid phosphatase (TRAP)-positive and multinucleated (two or more nuclei) with or without application of mechanical stress for 24 h. Osteoclast number was lower after mechanical stress compared with no mechanical stress. Furthermore, mechanical stress for up to 24 h caused downregulation of osteoclast-specific gene expression and fusion-related molecule [dendritic cell specific transmembrane protein (DC-STAMP), osteoclast stimulatory transmembrane protein (OC-STAMP), E-cadherin, Integrin αV and Integrin β3] mRNA levels. Protein expression of DC-STAMP decreased with mechanical stress for 24 h compared to the control without mechanical stress, whereas the expression of E-cadherin, Integrin αV and Integrin β3 was slightly decreased. Nuclear factor of activated T cells c1 (NFATc1) mRNA levels were decreased at 6 h and increased at 12 and 24 h compared with the control. The levels of NFATc2, NFATc3 mRNA did not change compared with the control group. By contrast, mechanical stress for 24 h significantly enhanced NFAT transcriptional activity compared with the control, despite a decrease in DC-STAMP mRNA and protein levels. These results suggest that short-term mechanical stress strongly inhibits osteoclastogenesis through the downregulation of DC-STAMP and other fusion-related molecules and that short-term mechanical stress induces a negative regulatory mechanism that cancels the enhancement of NFAT transcriptional activity.
Introduction
Osteoclasts are bone-resorbing, multinucleated giant cells differentiated from monocyte-lineage hematopoietic cells (1, 2) . Disruption of bone resorption leads to sclerotic bone, as seen in osteopetrosis, whereas excessive resorption is central to the pathogenesis of osteoporosis, arthritis and periodontal disease. Thus, the elucidation of regulatory mechanisms involved in osteoclastogenesis is important to gain a deeper understanding of the health and disease of the skeletal system.
Osteoclast differentiation occurs in a series of events (3). First, precursors alter gene and protein expression to establish a fusion-competent status, enabling cell-cell recognition and attachment. Second, mononuclear preosteoclasts fuse together to become nonfunctional multinucleated osteoclasts that are polykaryons lacking ruffled borders. Finally, nonfunctional multinucleated osteoclasts are activated into functional bone resorbing osteoclasts by various factors.
Receptor activator of nuclear factor-κB (RANK)-ligand (RANKL) is an essential factor for osteoclast differentiation (4) . RANKL signaling induces the key transcription factor, nuclear factor of activated T cells c1 (NFATc1), which regulates a large number of the osteoclast-associated genes required for osteoclast differentiation and function (5, 6) .
Mechanical stress is an important regulatory factor in bone homeostasis (7) . Lack of stress causes bone loss and even osteoporosis in some cases, whereas stress overload leads to pathological bone modeling and remodeling (8) . Previous studies investigated the responses of bone and bone cells to mechanical stresses, such as sheer stress (fluid flow) (9) (10) (11) , compressive force (12) (13) (14) (15) , tensile force (16) (17) (18) , hydrostatic pressure (19) , microgravity (20) , and others (21) (22) (23) . Several reports have focused on the effect of mechanical stimulation on osteoblast-like cells, but the direct effect of mechanical stimulation on the behavior of osteoclast-like cells has only been investigated in a few studies. Therefore, we examined the effect of mechanical stress on osteoclast differentiation Short-term mechanical stress inhibits osteoclastogenesis  via suppression of DC-STAMP in RAW264.7 cells   SUMIKA KAMEYAMA  1,2 , YOSHITAKA YOSHIMURA  2 , TAKESHI KAMEYAMA  4 , TAKASHI KIKUIRI   3   ,  MINO MATSUNO  2 , YOSHIAKI DEYAMA  2 , KUNIAKI SUZUKI  2 and JUNICHIRO IIDA   1 using a Flexercell tension system. We previously showed that mechanical stress (48-96 h) directly suppresses osteoclast differentiation and fusion (24, 25) . However, the early phase effect of osteoclasts in response to direct mechanical stress has not been elucidated. Thus, this study investigated the effects of short-term mechanical stress (up to 24 h) on osteoclast differentiation and fusion. Flexercell tension system. Mechanical stress was applied to RAW cells with the FX-3000™ Flexercell Strain Unit (Flexcell International). RAW cells stimulated by RANKL were pre-cultured for three days and subjected to cyclical tensile force [10% elongation at 30 cycles/min (0.5 Hz)] for up to 24 h. Control cells were plated on similar plates and kept in the same incubator, but were not subjected to strain.
Materials and methods

Cell
Tartrate-resistant acid phosphatase (TRAP) staining. RAW cells were subjected to mechanical stress for 24 h and fixed with 10% neutral formalin. They were then washed with distilled water and stained with the TRAP staining solution (pH 5.0) supplemented with Fast Red Violet LB Salt (SigmaAldrich). TRAP-positive cells with more than two nuclei were counted under the microscope. The counted range was 1 cm 2 dividing the circle in a fan-shape (24, 25) .
RNA isolation and quantitative RT-PCR. RAW cells were subjected to mechanical stress for 0, 6, 12 and 24 h. Total RNA was extracted from osteoclastogenic cultures at different time points using the TRIzol reagent isolation kit (Invitrogen). First-strand cDNA was synthesized using ReverTra Ace-α FSK-101 (Toyobo, Osaka, Japan). We used specific primers for osteoclast-associated genes [TRAP, matrix metalloproteinase-9 (MMP-9), Cathepsin-K (Cath-K), calcitonin receptor (CTR), ATPase H + transporting vacuolar proton pump member I (ATP6i), chloride channel 7 (ClC7), dendritic cell-specific transmembrane protein (DC-STAMP), osteoclast stimulatory transmembrane protein (OC-STAMP), E-cadherin, Integrin αV, Integrin β3, NFATc1, NFATc2 and NFATc3] as shown in Table I . Real-time quantitative PCR reactions were performed using the ABI PRISM 7300 sequence detection system (Applied Biosystems, Foster City, CA, USA). Data were normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for each sample and are shown as relative quantitation of target expression (2 -ΔΔCt method) relative to control after normalization against GAPDH expression.
Western blot analysis. RAW cells were subjected to mechanical stress for 24 h and washed with ice-cold PBS and lysed in extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1.0% Nonidet P-40 and protease inhibitors). Cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting. The following antibodies were used as primary antibodies: anti-DC-STAMP antibody (clone 1A; Millipore, Billerica, MA, USA), anti-E-cadherin antibody (24E10; Cell Signaling, Danvers, MA, USA), anti-Integrin αV antibody (no. 3919-1; Cell Signaling), anti-Integrin β3 antibody (no. 4702; Cell Signaling) and anti-β-actin antibody (AC-15; Sigma-Aldrich). Signals were detected and analyzed with a LAS1000 luminescent image analyzer (Fuji, Tokyo, Japan). Densitometric quantitation of western blot analyses was determined with the ImageJ software (http://rsbweb.nih.gov/ij/).
Luciferase reporter gene assay. RAW cells seeded on Flexercell 6-well plates were transiently cotransfected with luciferase reporter plasmids [100 ng each of pNF-AT-TA-Luc (Clontech Laboratories, Inc., Mountain View, CA, USA) and 10 ng of pRL-SV40 (Toyo Ink, Tokyo, Japan) as an internal control] using FuGENE ® HD (Promega, Madison, WI, USA) according Table I . Assey IDs of the primers used.
TRAP, tartrate-resistant acid phosphatase; MMP-9, matrix metalloproteinase-9; Cath-K, cathepsin-K; CTR, calcitonin receptor; ATP6i, ATPase H + transporting vacuolar proton pump member I; ClC7, chloride channel 7; DC-STAMP, dendritic cell-specific transmembrane protein; OC-STAMP, osteoclast stimulatory transmembrane protein; NFATc1, nuclear factor of activated T cells c1. to manufacturer's protocol. Following transfection, RAW cells were subjected to mechanical stress for 24 h, and the luciferase activity was performed with the Dual-Luciferase ® Reporter Assay system (Promega).
Statistical analysis.
All results are given as the means ± SD. Comparisons between two groups were analyzed using the two-tailed unpaired Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
The number of osteoclasts decreases in response to mechanical stress during osteoclast differentiation. To investigate the effect of short-term mechanical stress on osteoclast differentiation, we assessed the number of TRAP-positive multinucleated osteoclasts (Fig. 1) . Mechanical stress was applied for 24 h, while the control cells were grown in the same conditions, but without mechanical stress. Mechanical stress clearly inhibited osteoclastogenesis in RAW cells by >40% compared with the control cells. Furthermore, the number of large osteoclasts with >8 nuclei was also significantly decreased by mechanical stress. Figure 2 . Effect of mechanical stress on the mRNA levels of osteoclast-specific genes. Tensile force was applied to RAW cells for 0, 6, 12 and 24 h, and the mRNA levels of osteoclast-specific genes were evaluated by quantitative RT-PCR. The control group, which was cultured for the same duration without mechanical stress, was defined as the standard. Real-time PCR analysis was performed with specific primers (Table I) Expression of osteoclast-associated genes. We next examined the effect of mechanical stress (6, 12 or 24 h) on the mRNA levels of osteoclast-specific genes (TRAP, CTR, MMP-9, Cath-K, ClC7 and ATP6i) and fusion-related molecules (DC-STAMP, OC-STAMP, E-cadherin, Integrin αV and Integrin β3) that are required for osteoclast differentiation and bone resorption. Real-time PCR analysis revealed that mechanical stress caused downregulation of mRNA levels of osteoclast-specific genes (Fig. 2) , DC-STAMP (Fig. 3) and Integrin β3 (Fig. 4) . OC-STAMP mRNA levels were markedly reduced at 6 and 12 h compared with those in control cells (Fig. 3 ). E-cadherin mRNA levels were markedly reduced at 6 h compared with those in the control cells, while Integrin αV mRNA levels were decreased at 6 and 24 h, compared with those in control cells (Fig. 4) .
Protein levels of DC-STAMP, E-cadherin, Integrin αV
and Integrin β3. RAW cells were cultured with or without mechanical stress for 24 h, and the protein expression levels of Integrin αV, Integrin β3, E-cadherin and DC-STAMP were determined by western blot analysis (Fig. 5) . The protein expression level of DC-STAMP was clearly reduced compared with the control after culturing for 24 h. Integrin αV, Integrin β3 and E-cadherin protein expressions were slightly reduced compared with the control.
Gene expression and transcriptional activity of NFAT.
The transcription factor NFATc1 plays an essential role in osteoclast differentiation and regulates a number of osteoclast-associated genes, such as TRAP, CTR, MMP-9, Cath-K, ClC7, ATP6i, DC-STAMP, OC-STAMP and Integrin β3. To explore the relationship between mechanical stress and NFATc1, we investigated the effect of mechanical stress on mRNA levels and transcriptional activity of NFAT. NFATc1 mRNA levels were decreased when compared at 6 h and increased at 12 and 24 h compared with those in control cells (Fig. 6) . However, NFATc2 and NFATc3 mRNA levels were unchanged when compared with those in control cells. Furthermore, mechanical stress markedly enhanced NFAT transcriptional activity at 24 h compared with the control (Fig. 7) .
Discussion
This study demonstrated that tensile force inhibits osteoclast differentiation and fusion by suppressing several osteoclastassociated genes in the early phase, which is consistent with results from previous reports (24, 25) . Furthermore, mRNA and protein levels of DC-STAMP, which is essential for cellcell fusion of osteoclasts, decreased in response to short-term mechanical stress.
Cell-cell fusion is a critical event for the development of multinucleated osteoclasts, which occurs in a multi-step process that involves cell-cell and cell-matrix interactions, cell spreading and membrane-membrane fusion (3, 26) . To date, several molecules have been identified as fusion-related elements in osteoclasts. DC-STAMP was originally identified in dendritic cells as an interleukin (IL)-4 inducible protein consisting of seven transmembrane domains (27) . DC-STAMP is also found in macrophages and osteoclasts and is essential for the multinucleation of osteoclasts in the presence of RANKL and macrophage colony-stimulating factor (M-CSF) (28) . Studies with mice that are genetically deficient for DC-STAMP suggest a critical role for osteoclast precursor (OCP) fusion, since these mice have few multinucleated TRAP-positive osteoclasts and have increased bone mineral density (28) (29) (30) (31) . Conversely, experiments in DC-STAMP transgenic mice revealed accelerated bone resorption and a concomitant decrease in bone mass (32) . NFATc1 binds to the promoter regions of DC-STAMP in osteoclasts and directly induces the expression of DC-STAMP (33) . Thus, the NFATc1-DC-STAMP signaling axis plays a key role in the osteoclast multinucleation process that is essential for efficient bone resorption. A previous study showed that RANKL induces OC-STAMP, which is a multipass transmembrane protein that promotes the formation of multinucleated osteoclasts (34) . Cell-cell fusion in osteoclasts is modulated cooperatively by OC-STAMP and DC-STAMP, both of which are induced by the RANKL-NFATc1 axis (35) . In this study, the mRNA levels of DC-STAMP and OC-STAMP decreased in response to mechanical stress along with a decrease in the number of osteoclasts. Furthermore, the protein levels of DC-STAMP were also clearly reduced in response to mechanical stress compared with those in control cells. These results suggest that mechanical stress suppresses osteoclastogenesis, possibly through the inhibition of cell-cell fusion via the downregulation of DC-STAMP and OC-STAMP.
E-cadherin and Integrin αVβ3 are also related to osteoclast fusion. Cadherins are calcium-dependent adhesion molecules that mediate cell-cell adhesion. Mbalaviele et al (36) reported that blocking E-cadherin suppresses macrophage fusion in vitro, supporting a key role for E-cadherin in the attachment of precursors prior to fusion. When precursors arrive at bone, integrin-mediated attachment is required for differentiation. Integrin αVβ3 is the most important integrin for proliferation of osteoclast precursor cells to form multinuclear cells and for subsequent bone resorption (37) . In this study, the mRNA and protein levels of E-cadherin, Integrin αV and Integrin β3 decreased in response to mechanical stress compared with the control. These results suggest that mechanical stress may suppress expressions of E-cadherin, Integrin αV and Integrin β3.
We found that there is a discrepancy between mRNA expression of NFATc1-mediated genes and NFAT transcriptional activity; mechanical stress suppressed the mRNA expression of DC-STAMP and other osteoclast-associated genes that are transcriptionally regulated by NFATc1, whereas NFATreporter assay revealed that NFAT transcriptional activity was enhanced by mechanical stress. The following may be possible causes of this discrepancy; the first cause is that some negative transcriptional regulator of NFATs may be induced by mechanical stress and this factor suppresses osteoclastassociated genes. This possibility seems to be low as several osteoclast-associated genes that have different promoters are downregulated in response to mechanical stress. The other is that mechanical stress may induce epigenetic changes in osteoclast-associated genes. Indeed, it has been reported that epigenetic mechanisms including histone acetylation and methylation are important for osteoclast differentiation (38) . Furthermore, demethylation of H3K27me3 in the Nfatc1 gene locus by Jmjd3 plays a critical role in RANKL-induced osteoclast differentiation (39) , and JMJD5 negatively regulates osteoclastogenesis as a post-translational co-repressor for NFATc1 (40) . It is possible that there is an association between mechanical stress and the epigenetic regulation. Although further investigations are required to clarify this discrepancy, our results suggest that mechanical stress induces a negative regulatory mechanism that cancels the enhancement of NFAT transcriptional activity.
During osteoclastogenesis, NFATc1 is a crucial transcriptional factor and autoregulates its own promoter (38) . In this study, NFATc1 mRNA was decreased at 6 h, compared with control, whereas NFATc1 mRNA was increased at 12 and 24 h. Although these mRNA changes have statistical significance, these slight changes may not explain the NFAT transcriptional activation in response to mechanical stress. These data suggest that NFAT transcriptional activation in response to mechanical stress was caused by NFAT functional change, not by induction of NFAT mRNA.
Tension stress promotes bone formation. Distraction osteogenesis (DO) is the process of generating new bone in a gap between two bone segments in response to the application of graduated tensile stress across the bone gap (41) (42) (43) . The application of DO offers new possibilities for the treatment of orofacial anomalies, such as mandibular widening in transverse direction or lengthening of the vertical and horizontal mandibular ramus. Widening of the maxilla by means of DO is the most common application. Similarly, orthodontic tooth movement necessitates bone resorption at the pressure side with concomitant bone formation at the tension side of periodontal ligament. The present study helps to elucidate the mechanism of bone formation with tension stress and may have therapeutic implications.
In conclusion, this study demonstrated that short-term mechanical stress strongly inhibits osteoclast differentiation and fusion through the downregulation of DC-STAMP and other fusion-related molecules. Moreover, it induces a negative regulatory mechanism that cancels the enhancement of NFAT transcriptional activity.
